ABSTRACT: Single-particle tracking experiments were carried out with gold nanoparticle-labeled solid supported lipid bilayers (SLBs) containing increasing concentrations of ganglioside (GM 1 ). The negatively charged nanoparticles electrostatically associate with a small percentage of positively charged lipids (ethyl phosphatidylcholine) in the bilayers. The samples containing no GM 1 show random diffusion in 92% of the particles examined with a diffusion constant of 4.3(±4.5) × 10 −9 cm 2 /s. In contrast, samples containing 14% GM 1 showed a mixture of particles displaying both random and confined diffusion, with the majority of particles, 62%, showing confined diffusion. Control experiments support the notion that the nanoparticles are not associating with the GM 1 moieties but instead most likely confined to regions in between the GM 1 clusters. Analysis of the root-mean-squared displacement plots for all of the data reveals decreasing trends in the confined diffusion constant and diameter of the confining region versus increasing GM 1 concentration. In addition, a linearly decreasing trend is observed for the percentage of randomly diffusing particles versus GM 1 concentration, which offers a simple, direct way to measure the percolation threshold for this system, which has not previously been measured. The percolation threshold is found to be 22% GM 1 and the confining diameter at the percolation threshold only ∼50 nm.
■ INTRODUCTION
Single-particle tracking experiments utilizing plasmonic nanoparticles have gained popularity in recent years for studying biological phenomena ranging from the motion of motor proteins to membrane fusion in live cells. 1, 2 Unlike fluorescence dyes, plasmonic nanoparticles have large scattering cross sections and do not photobleach or blink, which allows for measurements over long time periods. 3 Single-particle tracking has proven particularly useful for studying cellular membranes, since it enables direct characterization of the type of motion of different components in the membrane. 4, 5 For example, singleparticle tracking of lipids in cellular membranes have greatly increased our understanding of the steps involved in membrane fusion as well as lipid−cytoskeleton interactions. 6, 7 In addition, single-particle tracking has been used to study protein−protein interactions in membrane environments. 8 These measurements have allowed for a better understanding of the compartmentalization of proteins in the cell membrane. 9, 10 One of the more prominent ganglioside lipids present in the plasma membranes of mammalian cells, GM 1 is a receptor for both cholera toxin and Escherichia coli heat-labile enterotoxin. 11, 12 The binding of cholera toxin involves all five B subunits of the protein binding GM 1 and has been extensively studied as a multivalent binding system in cellular membranes. 13−15 Interestingly, unlike other multivalent binding systems in which an increase in binding strength is observed (the K d value is smaller) with an increase in ligand concentration, 16 the cholera toxin−GM 1 system shows the opposite effect. Mainly, the binding of cholera toxin actually decreases with increasing GM 1 concentration. 17, 18 A systematic study of cholera toxin binding to GM 1 was recently carried out using solid supported lipid bilayers (SLBs), a cell membrane mimetic. 19 A model was introduced in which the higher GM 1 concentrations induce clustering of the gangliosides in the bilayer. This clustering of GM 1 within the SLBs is believed to inhibit the binding of cholera toxin. Additional studies using AFM and fluorescence imaging also lend substantial weight to the idea of GM 1 clustering. 20−23 In addition to the recruitment of bacterial and viral toxins, GM 1 has also been implicated as one of the key components present in lipid rafts domains of cellular membranes, which have a profound influence on cell signaling and trafficking. 24−26 Clusters rich in GM 1 that form in membranes are often modeled as liquid ordered phases, with substantially reduced mobility of their constituent lipids. 27 In addition, the clusters promote lipid segregation, with little exchange of lipids between phases. 28 Thus, increasing the GM 1 concentration in a membrane will eventually lead to a percolation threshold, in which the GM 1 clusters are the major component and the fluid phase becomes discontinuous. This has a significant effect on the cell's ability to interact and respond to its environment, since protein components in the fluid part of the membrane are then isolated from each other. Phase behavior of many different types of mixed lipid bilayer systems, such as the liquid/gel phase DMPC/DSPC, 29 liquid/solid phase DPPC/LigGalCer, 30 and DMPC/cholesterol 31, 32 have been carried out using techniques such as NMR, ESR, and DSC. Recently, fluorescence recovery after photobleaching (FRAP) has been used to study the connectivity of different components in a mixed lipid bilayer and provided a measurement of the percolation threshold of these systems. 33, 34 Unfortunately, trends observed using FRAP are often a result of many underlying mechanisms and further modeling is often required to understand the percolation behavior of the system. Alternatively, a more direct way of measuring a percolation threshold in a mixed lipid system is to carry out single-particle tracking studies, in which the molecule being tracked is only soluble in one component of the mixture.
Herein, we revisit fundamental questions concerning the percolation threshold in mixed lipid bilayers containing increasing concentrations of GM 1 using a single nanoparticle tracking system which can simultaneously measure the position of the nanoparticle (with ±7 nm precision) as well as the plasmonic spectrum. To our knowledge, a fundamental study of percolation and phase behavior of bilayers containing GM 1 using single-particle tracking has not been carried out. The SLBs used here are composed of 0.1% ethyl phosphatidylcholine (EPC), a positively charged lipid that attracts the negatively charged citrate-capped gold nanoparticles. Since particle tracking experiments are able to characterize the type of motion present, it was expected that GM 1 clustering would produce differences in the observed diffusion of these positively charged lipids. In agreement with the GM 1 clustering model, most of the particles observed in the SLBs containing more than 5% GM 1 showed confined motion, in stark contrast to the particles examined in SLBs with no GM 1 . As depicted in Figure  1 , the data presented herein indicate that the motion of the lipids in bilayers containing >5% GM 1 is confined by the GM 1 clusters themselves. A plot of percent confined particles vs GM 1 concentration shows a linear trend and offers a direct measurement of percolation threshold. This percolation threshold is defined as the GM 1 concentration needed to have 100% confined particles. A plot of percent confined particles vs GM 1 concentration shows this value at 22%. In addition, a linear trend in the diameter of the confining region vs GM 1 concentration yields a diameter of only 50 nm at the percolation threshold, which is 2−5 times the size of a typical membrane protein. Lastly, a decreasing trend observed for the diffusion constants of the confined particles with increasing GM 1 concentration agrees with the notion that diffusion decreases at barriers to the GM 1 clusters.
■ EXPERIMENTAL METHODS
Small Unilamellar Vesicles and Gold Nanoparticle-Labeled Solid Supported Bilayers. Small unilamellar vesicles (SUVs) were made from 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-(12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)-amino]dodecanoyl)-sn-glycero-3-phosphocholine (NBDPE), and 1,2-dipalmitoyl-sn-glycero-3-ethylphosphocholine (EPC), which were all purchased from Avanti Polar Lipids (Alabaster, AL), and ganglioside GM 1 , which was purchased from Matreya LLC (Gap, PA). SUVs were prepared by vesicle extrusion, which has been described in detail elsewhere. 35, 36 Briefly, this process involved the evaporation of a lipidchloroform solution under a stream of nitrogen followed by vacuum desiccation for 4 h. The lipids were then rehydrated in phosphate buffered saline (PBS) solution, which consisted of 10 mM sodium phosphate, 150 mM NaCl, and 0.2 mM sodium azide. The pH of the PBS solution was adjusted to 7.4 with small amounts of 1 M HCl. The total concentration of the lipids in solution was 1.0 mg/mL. After several freeze−thaw cycles, the solutions were extruded through a polycarbonate filter (Whatman) with 100 nm pores. The size of the resulting SUVs was confirmed to be 70−80 nm by dynamic light scattering using a Brookhaven Instruments 90Plus particle size analyzer. Nanoparticles electrostatically bound to bilayers containing >5% GM 1 display confined motion that is restricted to the distance between GM 1 clusters. The bilayers are composed of phosphocholine (POPC), ethyl phosphatidylcholine (EPC), nitrobenzoxadiazole phosphoserine (NBDPE), and ganglioside (GM 1 ). For simplicity, GM 1 molecules in the lower leaflet are not drawn.
Solid supported bilayers (SLBs) were formed by incubating the 1.0 mg/mL lipid vesicle solution on glass coverslips (Corning, NY, 22 × 22 mm, No. 2), which were cleaned with boiling 7× detergent and incubated at 500°C for 5 h. Bilayer formation was assumed to be complete after 10 min incubations at room temperature. The SLBs were washed with copious amounts of deionized (DI) water to remove vesicles not associated with the glass coverslip. The SLBs were then incubated with a solution of 100 nm citrate-capped gold colloids (Ted Pella No. 157113) that was diluted 10× for ca. 1 h. The gold-labeled SLBs were then washed with DI water to remove non-associated nanoparticles.
Fluorescence Recovery after Photobleaching. Confirmation of SLB formation was carried out using FRAP. FRAP experiments were done with a 2.5 W mixed gas argon/krypton ion laser (Stabilite 2018, Spectra Physics). Lipid bilayers were irradiated at 488 nm with 100 mW of power for 2 s. A bleach spot was made on the bilayer using a 10× objective, and fluorescence recovery of the bleached spots was measured as a function of time. The mobile fraction and the half-time of recovery t 1/2 of NBDPE lipids were determined from single exponential fitting of fluorescence recovery curves. The lateral diffusion coefficient of NBDPE lipids is calculated as follows:
where w is the radius of the circle disk profile of the bleaching light, and γ D is a correction factor that depends on the bleach time and the geometry of the laser beam. The value of γ D and w used were 1.2 and 17.7 μm, respectively. Fitting the data shown in Figure S2a (Supporting Information) for bilayers containing no GM 1 resulted in a diffusion coefficient of 2.5 × 10 −8 cm 2 /s and 100% mobile fraction. Fitting of the data shown in Figure S2b for bilayers containing 8% GM 1 yielded a diffusion coefficient of 1.9 × 10 −8 cm 2 /s and 91% mobile fraction.
Single-Particle Tracking. As shown in Figure 2 , single-particle tracking experiments were carried out with an inverted microscope (Nikon, Eclipse Ti-U) equipped with a dark-field condenser (Nikon, NA = 0.8−0.95) and a 100× variable-aperture oil immersion objective (Nikon, NA 0.5−1.3) which was set to NA = 0.5 to collect only the scattered light from the gold nanoparticles. The scattered light from all the nanoparticles in the field of view (80 × 80 μm) was collected and sent through an acoustic-optical tunable filter (Gooch and Housego, His-300 hyperspectral imaging system) which has continuously tunable transmission from 500 to 800 nm and a spectral bandwidth of 1−6 nm. The scattered light was then directed into an EM-CCD camera (Princeton Instruments, proEM512), and the images were stored and analyzed using the LightView (Princeton Instruments) and Matlab (Mathworks, Inc.) software. This allows for one to not only track moving particles with time, but also for the simultaneous collection of the visible spectra. The bandwidth for these experiments was set to 3 nm, and the time resolution of the measurements, 62 ms, was determined by the shutter of the EM-CCD camera plus the readout time. The spatial resolution was determined by approximating the point spread function of a still particle as a two-dimensional Gaussian function and measuring the standard deviation in the centroid of the Gaussian over 300 frames of data (see Figure S3 ). 38 Briefly, a linescan of a still particle in the x direction was fit to a Gaussian function at each frame. The variance for the centroid of the Gaussian was then calculated for all 300 frames of data. Likewise, a linescan of the same particle in the y direction was fit to a Gaussian function at each frame and the variance calculated for the centroid over 300 frames. The variance in two dimensions was then calculated according to
and the standard deviation associated with determining the center of the two-dimensional Gaussian, which determines the spatial resolution, was taken as the square root of the variance. The measured spatial resolution was found to be 6.7 nm. Single nanoparticle trajectories were obtained by marking the x−y centroid position of each particle at each intensity image over time using Matlab.
As noted above, instrumentation recently developed in our laboratory allows for the measurements involved to not only track particles in real time but also acquire a visible spectrum of each particle. 39 The gold nanoparticles used herein contain plasmon resonances in the visible region, which are very sensitive to the local index of refraction. 40, 41 Thus, tracking both the LSPR spectral features and motion of the nanoparticles should allow for complex biological interactions to be discerned. To obtain LSPR spectra, the intensities collected for the nanoparticles in the field of view from 500 to 800 nm was divided by a spectrum collected with no sample (dark) and the full lamp intensity over the same wavelength values and time scales in Matlab. Representative LSPR spectra for the gold nanoparticles used are shown in Figures 3 and 4 .
■ RESULTS
Single nanoparticle trajectories were collected in thirty to forty different areas of SLB samples containing no GM 1 . Each 80 × 80 μm area contained several moving nanoparticles enabling the acquisition of close to 100 different trajectories. It is important to note that many of the nanoparticles in the field of view (approximately 20−40%) were stationary and it was assumed that these particles were bound to the glass via defects present in the SLBs. Of the particles examined, 92% showed random diffusion, with the other 8% of particles displaying confined diffusion. Due to defects in the bilayer, the small amount of confined diffusion observed here could be the result of particles trapped between two defect sites. The trajectories and mean squared displacement plots of three representative particles is shown in Figure 3 . The plots for the particles shown are linear, indicating the diffusion is random, Brownian motion and can be fit to the expression, ⟨r , 2.8 × 10 −9 , and 6.5 × 10 −9 cm 2 /s for particles 1, 2, and 3, respectively. Taking into account all the particles (at different GM 1 concentrations) that also showed the same linear behavior, an average value of the diffusion constant was found to be 4.3(±4.5) × 10 −9 cm 2 /s. This value is consistent with other literature studies, which used single-particle tracking of 50 nm gold nanoparticles on SLBs and fall within the range of 1 × 10 Figure 3C shows LSPR spectra of corresponding particles whose trajectories are shown in 3a.
Next, gold nanoparticles electrostatically bound to bilayers containing 1%, 3%, 5%, 8%, 10%, and 14% GM 1 were measured. For each concentration of GM 1 , more than 40 particle trajectories were analyzed, and a linearly increasing trend in the number of confined particles was observed. However, even with SLBs containing significant concentrations of GM 1 , a considerable amount of particles showed Brownian diffusion with diffusion constants similar to what was observed in the samples containing no GM 1 . It is assumed that the density of GM 1 throughout the SLB is not uniform and that there were simply no GM 1 clusters in the near vicinity of these randomly diffusing particles. The resulting trajectories and mean squared displacement plots for three particles in SLBs containing 10% GM 1 are shown in Figure 4 . As shown in Figure  4B , the raw data are fit to the following expression for confined diffusion:
where ⟨r c 2 ⟩ is the square of the confined radius with which the particles themselves are confined (which is the asymptotic value), A 1 and A 2 are geometric factors relating to the shape of the confining region, and D is the diffusion constant for the confined particle. 43 The average diffusion constant and confined diameter obtained from fitting the root-mean-squared displacement plots shown in Figure 4 are 9.5 × 10 −9 cm 2 /s and 830 nm, respectively. The value of confined diameter measured here, is considerably larger than that obtained for a GM 1 cluster using atomic force microscopy (20−200 nm), and even that which was reported for a lipid raft (100−200 nm). 45, 46 Thus, it is reasonable to assume these particles are in fact bound to the positively charged lipids themselves and not the GM 1 moieties.
Nevertheless, several control experiments were carried out to confirm that the particles measured were indeed electrostatically bound to the bilayers, and not associating with the GM 1 moieties. In the first control experiment, images were taken of gold nanoparticles bound to the SLBs containing no GM 1 with and without salt in solution. If the particles are electrostatically bound to the bilayers, this interaction should be screened to some degree by adding salt. Figure S4 does show significantly fewer particles bound to the bilayers in the presence of salt in the solution. The next control experiment investigated the binding of negatively charged nanoparticles to bilayers both with and without positively charged lipid. Figure S5 describes a set of images taken with bilayers varying only in positively charged lipid composition. Although most of the images comparing bilayers with and without positively charged lipid show greater numbers of nanoparticles in the former, it was sometimes observed that a comparable number of charged nanoparticles would reside at the bilayer surface in the sample without positively charged lipids. However, these nanoparticles would quickly go out of the field of view, making particle tracking for 300 frames difficult. Thus, this dissociation from the bilayers containing no positively charged lipid offers Figure 3 . Trajectories of three particles in bilayers without GM 1 (A). Plot of root-mean-squared displacement vs time lag (B) and LSPR spectra (C) for the three particles shown in (A). The LSPR spectra were obtained with the particle trajectories simultaneously by scanning the AOTF from 500 to 800 nm as the particles are moving. The LSPR spectra were further smoothed using a Loess polynomial regression function. The root-meansquared displacement plots of all three particles show a clear linear trend indicating their motion is Brownian.
Figure 4. Trajectories of three particles in bilayers with 10% GM 1 (A). Plot of root-mean-squared displacement vs time lag (B) and LSPR spectra (C) for the three particles shown in (A). The dashed line through the points plotted in (B) is the fit to the equation ⟨r
, which is typically used to describe confined motion. In the above expression, ⟨r c 2 ⟩ is the asymptotic value where r c is the radius of the confining region, D is the diffusion constant in cm 2 /s, and A 1 and A 2 are factors relating to the geometry of the confining region. The LSPR spectra were further smoothed using a Loess polynomial regression function. additional proof of this electrostatic interaction between nanoparticles and the bilayer. The third control experiment was performed to look at the localized surface plasmon resonance (LSPR) spectra of the particles in H 2 O, bound to SLBs containing no GM 1 , and bound to SLBs containing 10% GM 1 . The LSPR spectra of these particles are extremely sensitive to the refractive index of the surrounding media and should be a measure of how the particles are associating and interacting with the SLBs. As shown in Figure S6 , the maximum in the LSPR spectrum does shift slightly upon binding SLBs, but no further shift is observed when binding to SLBs containing GM 1 , also supporting the notion that the particles themselves are not associating with GM 1 . Lastly, we wished to confirm that the binding of the nanoparticles to the SLBs is not affected by the size or capping agent of the particles. Thus, single-particle tracking experiments were carried out using 50 nm citrate-capped gold nanoparticles purchased from CABOT (instead of Ted Pella) with SLBs containing 1% GM 1 . These data showed diffusion constants for both the confined and randomly diffusing particles to be similar to that observed with the Ted Pella particles, 1.1(±1.3) × 10 −8 and 6.5(±6.1) × 10 −9 cm 2 /s, respectively. In addition, the percent randomly diffusing particles, 86%, is also similar to what was observed with the Ted Pella particles.
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The parameters obtained from fitting the root-mean-squared displacement plots for all the particles measured in bilayers containing 0%, 1%, 3%, 5%, 8%, 10%, and 14% GM 1 are shown in Table 1 . As shown in column 3 of Table 1 , the percentage of randomly diffusing particles decreases with GM 1 concentration in a linear fashion. The diffusion constants for the randomly diffusing particles, column 4, show little change with increasing GM 1 in the bilayers. In contrast, diffusion constants for confined particles show a marked decrease with GM 1 concentration. Lastly, the diameter of the confining region for the confined particles also shows a decreasing trend with GM 1 concentration. To further illustrate the trends observed in columns 5 and 6 of Table 1, histogram plots were generated which tallied the diffusion constants and confining diameter for each confined particle at all the GM 1 concentrations measured, Figure 5 .
■ DISCUSSION
McConnell and co-workers 47 first established in 1975 that biological membranes consist of many components that can exist in a variety of phases. The connection between the existence of liquid condensed regions in membranes and their possible effects on cellular processes relies on their ability to compartmentalize membrane components through selective permeability and reduced mobility. Indeed, several recent studies involving FRAP, single-particle tracking, and fluorescence correlation spectroscopy show greatly decreased mobility in clustered domains. 48, 49 Additionally, selective permeability of lipids and membrane components in and out of raft-like domains has also been studied extensively. 28, 50 Our results support a model of GM 1 clustering into domains at concentrations above 5% GM 1 . Moreover, the nanoparticles associated with the lipids in the fluid phase are not observed to partition into the GM 1 clusters, indicating selective permeability. Instead, the GM 1 clusters themselves act as barriers to the nanoparticles whose motion is confined to smaller domains of the fluid phase at high concentrations of GM 1 . This notion is supported by all the trends shown in Table 1 with increasing GM 1 concentrations; increasing amounts of confined particles, decreasing diameters for the confining regions and a decrease in the diffusion constants of the confined particles.
If the function of a cluster with decreased mobility is to physically compartmentalize the membrane components and control, to some degree, membrane partitioning, the interconnectivity of the condensed and liquid phase is extremely important for cellular function. A parameter that describes the connectivity of two phases that make up a membrane is the percolation threshold. Below the percolation threshold, the fluid phase, making up the majority of the bilayer, is interconnected and consists of small island-like structures of GM1-rich domains (similar to what has previously been observed for metallic films). 51 At and above the percolation threshold, this fluid phase is broken up by the GM 1 -rich domains, creating an obstacle to a membrane component soluble in the fluid phase that is attempting to diffuse from one part of the membrane to another. In the simple model membrane systems studied here, anomalous diffusion was observed in less than 1% of the particles examined, and in order to focus on the majority of the particles, these data were excluded from the paper. Therefore, 99% of the particles examined simply showed either random or confined diffusion, making the analysis quite straightforward. It is also important to note that the time scales of the measurements described herein are quite short (only 3 s) and possibly not long enough to observe events involving hopping between adjacent domains. Since the particles are restricted solely to the fluid phase without GM 1 , a percolation threshold value is defined as the concentration of GM 1 needed to have 100% confined particles. Thus, if all of the fluid phase particles are confined, the clusters containing GM 1 must be interconnected. Percolation threshold values have been obtained for mixed bilayer systems, typically using FRAP, but these values rely on a knowledge of the geometry of the confining region as well as the geometry of the bleach spot. 29, 52, 53 Our value of percolation threshold does not rely on a priori knowledge of the growth of the confining regions and their geometry and is therefore a more direct measurement. The value for percolation threshold for this system is simply obtained from plotting the % randomly diffusing particles versus GM 1 concentration. As shown in Figure 6 , this plot shows a linear trend and through linear extrapolation, a percolation threshold value of 22% is obtained. This value is similar to what has been observed using FRAP with mixed bilayer systems containing liquid and gel phase lipids, such as DLPC/DSPC and DMPC/DSPC, which are also believed to segregate into domains. 29 The percolation threshold value of 22% GM 1 is higher than that observed in biological cells, with a value of 10−12% GM 1 observed in neurons being the highest. 54 However, it should be noted that the GM 1 moieties are most likely asymmetrically distributed among the two leaflets of the membrane giving rise to higher concentrations on the outer surface of the cell. 55 It should also be noted that there is a growing number of studies that show using charged probe molecules can affect the distribution and mobility of lipids within the bilayer. 49, 56, 57 In addition, cells contain other ganglioside components, such as GM 2 , GM 3 , and GD 3 , that would most likely co-cluster with GM 1 creating larger clusters from smaller concentrations of GM 1 . 11,58 This somewhat low percolation threshold value is often associated with the solid-like and fluid-like domains being asymmetric. 59, 60 The value for percolation threshold obtained herein describes the amount of GM 1 required to inhibit the movement of a membrane component confined to the mobile phase.
Another interesting question addresses the size of these confining regions at the percolation threshold that perhaps contain membrane proteins vital for cellular function. Singleparticle tracking measurements allow for a direct measurement of the confined diameter for each confined particle through the asymptotic value in the root-mean-squared displacement plot. As expected, the confined diameter for the particles in the fluid phase is reduced as more GM 1 are added to the bilayer, increasing the surface area of the solid phase. A plot of the average confined diameter for the particles versus GM 1 concentration shows a steeply descending linear trend (see Figure 7) . Extrapolation of this line to the percolation threshold value yields a confined diameter of only 50 nm. Given the large error in measuring this value on a per particle basis, the value of the confined diameter at the percolation threshold most likely Figure 6 . Plot of percent confined particles vs GM 1 concentration, showing a linear trend. It is expected that at the percolation threshold, 100% of the particles would show confined behavior, thus the percolation threshold is defined as the GM 1 concentration at 0% randomly diffusing particles. Linear extrapolation (dashed line) through the points reveals a percolation threshold value of 22% GM 1 . varies between 0 and 200 nm. Even so, this value is the same order of magnitude of membrane protein complexes and indicates a surprisingly restricted fluid phase.
The last trend of interest shown in Table 1 is the diffusion constant values for confined particles decreases with increasing GM 1 concentrations. This trend is further illustrated in Figure  5A , where the histograms center around smaller values at higher GM 1 concentrations. Saxton et al. have calculated that lateral diffusion in the fluid phase should slow down in a linear fashion as more solid obstacles are added. 61 Interestingly, a linearly decreasing trend is observed here, but only for the confined particles. The randomly diffusing particles, even at high concentrations of GM 1 , still show diffusion constants similar to those with no GM 1 present, possibly indicating that the GM 1 clusters are not evenly dispersed throughout the bilayers. This notion is also supported by the possibility of an asymmetric distribution of domains suggested by the low percolation threshold value. In addition, AFM and fluorescence microscopy measurements of GM 1 domains in phosphtidylcholine bilayers made through vesicle fusion also support this idea. 23 The linearly decreasing trend in diffusion coefficients with increasing concentrations of an immiscible phase has been observed previously when the two phases have drastically different mobilites. 62 Thus, the linear trend observed is in agreement with the notion that the GM 1 clusters have substantially reduced mobility. This is also in agreement with single molecule measurements showing that the lipid molecules within GM 1 clusters are significantly less mobile. 63 For particles confined in the fluid phase, as the GM 1 concentration is increased, larger amounts of immobile clusters appear, which take up a larger percentage of surface area. In turn, the fluid phase contains a smaller surface area, with each confined particle surrounded by an increased solid phase boundary. The slowed diffusion measured for particles in smaller confined regions is in agreement with both experimental and theoretical results, and supports the existence of a boundary layer around the solid-like obstacles. 33, 64, 65 Thus, the data indicate that the GM 1 clusters most likely contain boundary regions in contact with the fluid phase where diffusion is considerably slower.
■ CONCLUSIONS
This study reports single-particle tracking experiments for gold nanoparticle-labeled SLBs containing increasing concentrations of GM 1 . The SLBs used in this paper are a model system for a cellular membrane containing many different components whose communication relies, to a large degree, on membrane fluidity. Upon addition of increasing amounts of GM 1 to the SLBs, higher percentages of particles showed confined diffusion. Since it has been shown that GM 1 clusters exist in SLBs containing greater than 5% GM 1 , our data indicate that these particles are most likely confined to the regions between GM 1 clusters. Values for the diffusion constants for both random and confined particles as well as an estimate of the radius of the confined region are obtained from root-meansquared displacement plots. The data show that although the diffusion constants for the randomly diffusing particles does not significantly change upon addition of GM 1 , both the diffusion constants and the confined radius markedly decrease with GM 1 concentration for the confined particles. One question of biological importance is the concentration of GM 1 needed to produce a bilayer in which the fluid phase is no longer interconnected, resulting in confined behavior for all of its constituents, and is referred to as the percolation threshold. A plot of the percent of randomly diffusing particles versus GM 1 concentration shows a simple linear trend, which when extrapolated to 0% randomly diffusing particles gives a percolation threshold value of 22% GM 1 . When a plot of confined diameter versus GM 1 concentration is extrapolated to the value of 22%, it is revealed that the confined diameter of the fluid phase at the percolation threshold is only ∼50 nm. Thus, at the percolation threshold, membrane components in the fluid phase are drastically confined to regions that are the same order of magnitude as the membrane proteins themselves.
This single-particle tracking study can be expanded to further explore membrane fluidity and binding interactions using SLBs in which the motion of the nanoparticle and its LPSR spectrum can be simultaneously monitored. In addition, aggregation of peripheral membrane components in real time can be studied through both their diffusion trajectories and LSPR spectral features. ■ REFERENCES
